Thymic stromal lymphopoietin (TSLP) is crucial for the development of atopic diseases in humans and mice. Mice that express a lung-specific TSLP transgene (surfactant protein C promoter (SPC)-TSLP) develop a spontaneous and progressive asthma-like disease, suggesting that TSLP expression alone was sufficient for disease development. In this study, we show that, in fact, TSLP alone only causes a weak innate response that is insufficient for development of full airway inflammatory disease. Complete disease development requires both TSLP and antigenic stimulation. These data suggest that the spontaneous lung inflammation observed in SPC-TSLP mice reflects a TSLP-driven predisposition toward the development of aberrant responses against innocuous environmental Ags. This provides evidence that TSLP may act directly to induce susceptibility to the inappropriate allergic responses that characterize atopy and asthma. We additionally show that disease development requires CD4 T cells but not B cells. Further, we reveal a TSLP-driven innate response involving mucus overproduction and goblet cell metaplasia. Taken together, these data suggest a multifaceted model of TSLP-mediated airway inflammation, with an initial activation of resident innate immune cells, followed by activation of the adaptive immune system and full disease development. This study provides new insight into the unique features of the asthma pathology contributed by the innate and adaptive immune responses in response to TSLP stimulation.
A sthma is a chronic airway inflammatory disease characterized by infiltration of the bronchial mucosa by leukocytes, subepithelial fibrosis, mucus hyperproduction, goblet cell metaplasia, airway hyperresponsiveness (AHR), 3 and elevated serum IgE (1) . Disease development follows sensitization of susceptible individuals with aero-allergen, followed by challenge with the same Ag (2, 3) . The challenge phases of asthma, which are characterized by rapid reoccurrence of disease symptoms, are relatively well-defined, involving rapid degranulation of lung-resident mast cells in response to cross-linking of FcRI by IgE bound to allergen (4) . This results in the release of large amounts of proinflammatory mediators into the lung tissue and airways followed by rapid onset of bronchoconstriction, mucous production, and airway remodeling. In contrast, the initial stages of disease development are much less-well understood, in particular the events leading to allergen sensitization and further progression to asthma. The state of sensitization to environmental allergens, commonly referred to as atopy, is defined by the presence of allergen-specific IgE in sera or bronchoalveolar lavage (BAL) and/or a positive inflammatory reaction in response to a classic skin-prick test with allergen, indicative of T cell sensitization. The finding that fewer than half of all atopic individuals develop asthma symptoms (5, 6) indicates that factors beyond sensitization to allergen are necessary for the development of asthma.
Thymic stromal lymphopoietin (TSLP) is an IL-7-related cytokine shown to be critical to the pathogenesis of airway inflammation (7, 8) . Though originally discovered due to its potent effects on B and T cell growth and differentiation (9, 10, 11) , TSLP has also been shown to be associated with atopic diseases. For instance, epidermal TSLP expression in lesional skin of individuals with atopic dermatitis is markedly elevated (12) , and, in human asthmatics, there is a high degree of correlation between TSLP expression in lung tissue and severity of disease (13) . Murine models have extended these findings, showing that TSLP is both necessary and sufficient for the development of airway inflammation (7, 8) . Wild-type mice subjected to an Ag-induced model of asthma showed a dramatic up-regulation of TSLP expression in the lungs (7) and mice deficient in the TSLP receptor (TSLPR Ϫ/Ϫ ) were resistant to development of disease in this model (7, 8) . Furthermore, mice that express a lung-specific TSLP transgene, driven by the surfactant protein C promoter (SPC-TSLP), developed severe airway inflammation characterized by leukocyte infiltration of the bronchial mucosa, AHR, excess mucous secretion, goblet cell metaplasia, and elevated serum IgE (7), all hallmark features of asthma (1) . These data demonstrate a critical role for TSLP in the development of airway inflammation. A larger question remains as to the role of TSLP in disease progression, and to the extent that TSLP regulates innate and adaptive immune responses in the lung. In particular, the phenotype observed in SPC-TSLP mice develops spontaneously over a 2-3 mo period without the overt sensitization and challenge necessary in other models of asthma. These data suggest that TSLP may either induce the development of asthmalike disease in the absence of allergen-specific adaptive immunity or establish an immunologic environment where sensitization to otherwise innocuous environmental allergens can occur, as is believed to take place in human asthma. To investigate these possibilities, we developed an acute model of TSLP-induced airway inflammation enabling us to systematically test the role of Ag and the adaptive response in this disease. Interestingly, development of disease in this acute system is entirely dependent on the presence of foreign Ag and CD4 T cells, demonstrating for the first time that an adaptive immune response is a crucial aspect of TSLP-driven airway inflammation. These studies, when paired with the SPC-TSLP data, suggest that dysregulated expression of TSLP may represent an important susceptibility factor in the generation of aberrant Th2-responses against otherwise innocuous environmental allergens.
Materials and Methods
Mice BALB/c mice were purchased from The Jackson Laboratory or Taconic Farms. Rag2 Ϫ/Ϫ and C3H/Hej-BALB/c (TLR4 mut ) mice were also purchased from The Jackson Laboratory. TSLPR-deficient mice were described previously (14) . JHD Ϫ/Ϫ mice were purchased from Taconic Farms. SPC-TSLP mice were described previously (7) . All mice were greater than ten generation backcrossed onto BALB/c. All animals were housed in specific pathogen-free conditions in the Benaroya Research Institute animal facility and all experiments were performed as approved by the Benaroya Research Institute Institutional Animal Care Committee.
Intranasal treatment
Anesthetized animals were injected i.n. with 500 ng TSLP (R&D Systems, gift of Amgen), 25 g mouse serum albumin (MSA) (Sigma-Aldrich), 25 g OVA (Sigma-Aldrich) or a combination of TSLP plus MSA or OVA in a total volume of 40 l PBS. Following intranasal (i.n.) administration, mice were suspended in an upright position for 10 min to ensure complete uptake of the treatment solution.
BAL, tissue fixation, and staining
Mice were euthanized by lethal injection with 1 ml of 2.5% Avertin in PBS, administered i.p. The lungs were subjected to BAL four times, each with 1 ml of PBS through a tracheal cannula. The BAL was centrifuged at 1400 ϫ g for 5 min to collect the cell pellet. BAL cells were resuspended in PBS plus 1% BSA and counted using a hemocytometer. Differential cell counts were performed on cytospin cell preparations stained with a modified Wright-Geimsa stain on a Hematek 2000 slide stainer (Bayer).
After BAL, lungs were excised completely from the chest cavity, inflated with 10% neutral buffered formalin (Fisher BioTech) and fixed at room temperature, overnight, in the same solution. Tissues were embedded in paraffin, sectioned and stained with H&E and periodic acid Schiff (PAS) stains.
Evaluation of AHR
Enhanced pause (P enh ) measurements of AHR were made 1 day before sacrifice in response to increasing doses of aerosolized methacholine (Sigma-Aldrich) in PBS using unrestrained whole body plethysmography (Buxco Electronics) as previously described with slight modification (7). Each methacholine dose was given over a 3-min period and the average P enh value was measured during a subsequent 5-min interval. 
Adoptive transfers

For transfers into rag2
Ϫ/Ϫ mice CD4 ϩ T cells were isolated by negative selection using Dynal CD4 No Touch kits from spleen and lymph nodes of naive mice. Five ϫ 10 5 cells were transferred via retro-orbital injection into rag2 Ϫ/Ϫ recipients. Beginning at day 1, post transfer recipient mice were treated with MSA in 40 l PBS or TSLP plus OVA in 40 l PBS every other day for 14 days. Following the treatment regimen, mice were euthanized and analyzed as per the above protocols.
Acute CD4 depletion
Animals were i.p. injected on day Ϫ7, 0, and 7 with 250 g of anti-CD4 Ab (clone: GK1.5, UCSF mAb Core) or 250 g rIgG (Sigma-Aldrich) in a total volume of 100 l PBS. Beginning on day 0, animals were treated i.n. with PBS or TSLP plus OVA in 40 l PBS every other day and sacrificed on day 14 as described above.
Statistics
All statistical analysis was performed using GraphPad Prism 5. Unless otherwise indicated, all statistical tests are one-way ANOVA with a Tukey post hoc test with significance between groups represented as ‫ء‬ for p Ͻ 0.05, ‫ءء‬ p Ͻ 0.01, and ‫ءءء‬ for p Ͻ 0.001.
Results
The development of TSLP-mediated airway inflammatory disease is Ag dependent
Previous studies have shown that mice expressing a lung-localized TSLP transgene exhibit a robust Th2-type inflammatory response that closely mirrors human asthma (7) . In contrast to human allergic asthma, which is recognized as an Ag-driven process (1), the disease that develops in SPC-TSLP mice occurs spontaneously in the absence of overt Ag administration. This observation initially suggested that the disease observed in these animals was directly due to pathologic changes induced by TSLP without a requirement for antigenic stimulation. To investigate whether Ag does in fact play a role in TSLP-driven airway inflammation, SPC-TSLP mice were challenged i.n. with OVA (25 g every other day for 2 wk), beginning at ϳ4 -6 wk of age (ϳ1-2 mo before the onset of spontaneous symptoms.) OVA-challenged SPC-TSLP animals rapidly developed disease while neither PBS-treated SPC-TSLP nor OVAtreated WT mice displayed inflammation at that time. This is evidenced by increased infiltration of inflammatory cells in BAL (Fig. 1) , as well as the development of airway eosinophilia and AHR. These data show that the disease that develops in SPC-TSLP mice can be accelerated by overt airway Ag challenge.
To systematically evaluate the role of Ag and the adaptive immune response in TSLP-mediated airway inflammation we developed an acute model of TSLP-induced asthma. BALB/c mice were subjected to i.n. TSLP, administered in the presence or absence of OVA (mouse serum albumin, MSA, was used as a control), every other day for 2 wk. Only those mice that received both TSLP and OVA displayed significant increases across all disease parameters. Total BAL cell counts performed on TSLP plus OVA-treated animals produced an average of 4.94 ϫ 10 6 cells, a nearly 10-fold increase over animals in all other treatment groups, all of which displayed approximately equivalent cell counts ( Fig. 2A) . Furthermore, only TSLP plus OVA-treated mice displayed airway eosinophilia (Fig. 2B) , AHR (Fig. 2C) , and elevated serum IgE (Fig.  2D) , consistent with asthma development in this treatment group.
Histological examination of the lungs from these animals yielded similar results. Control groups (PBS, MSA, OVA, TSLP, or TSLP plus MSA-treated animals) showed only rare, if any, infiltrating cells in the lung tissue (Fig. 3A and data not shown) . In contrast, TSLP plus OVA-treated animals had dramatic infiltrates around blood vessels, large proximal airways, and less frequently, small distal airways. The cellular infiltrates consisted primarily of eosinophils (Fig. 3A) . PAS-stained lung sections showed extensive goblet cell metaplasia and mucous production (pink staining cells, Fig. 3B ) in TSLP plus OVA-treated mice compared with all other groups. Interestingly, all mice that received TSLP displayed some goblet cell metaplasia despite the lack of infiltrating cells in TSLP and TSLP plus MSA-treated animals. (Fig. 3B and data not shown). In contrast, PAS-staining cells were undetectable in mice that did not receive TSLP.
To ensure that the disease we observed using this model system was TSLP-dependent, and not due to the influence of potential contaminating factors such as LPS in either the TSLP or OVA stocks, TSLPR-deficient, and LPS-nonresponsive, TLR4-mutant, mice were treated with i.n. TSLP plus OVA. Consistent with this being a TSLP-dependent process, TSLPR-deficient mice failed to show any significant increase in lung inflammation (Supplemental Fig. 1B) , 4 while the TLR4 mut mice developed disease indistinguishable from that seen in WT mice (Supplemental Fig. 1A ).
An intact lymphocyte compartment is required for the acute development of TSLP-induced allergic airway inflammation
The finding that TSLP-mediated airway inflammation is Ag-dependent predicted that the adaptive arm of the immune response is likely a crucial factor in the ability of TSLP to generate severe airway inflammation. To test this directly, rag2 Ϫ/Ϫ mice, which lack T and B cells, were treated with MSA alone (as control) or TSLP plus OVA (Fig. 4) . Consistent with a role for the adaptive immune system in mediating the pathogenic features of this disease, Rag2-deficient mice were protected from the development of allergic airway inflammation. Rag2 Ϫ/Ϫ mice that received TSLP plus OVA exhibited no significant increase in the number of cells in BAL (Fig. 4A) , airway eosinophilia, lung tissue infiltration, goblet cell metaplasia, and failed to develop AHR in contrast to the WT TSLP plus OVA-treated mice (Fig. 4B and data not shown) .
Our findings were somewhat different with the more chronic SPC-TSLP transgenic system. SPC-TSLP/rag2 Ϫ/Ϫ mice showed a dramatic decrease in inflammation relative to Rag2-sufficient SPC-TSLP animals, consistent with the results from mice given TSLP i.n. However, SPC-TSLP/rag2 Ϫ/Ϫ did develop mild but significant BAL infiltration at 5-6 mo of age (Fig. 4C) , showing an ϳ6-fold increase in BAL cells over the transgene negative controls (Rag2-sufficient SPC-TSLP animals display an ϳ30-fold increase over transgene negative controls). Additionally, lung histology revealed very rare sites of eosinophilic infiltration (Fig. 4D) and metaplastic goblet cells (Fig. 4E) , similar to what we observed in mice that received only TSLP in our acute system (Fig. 3B) . We hypothesize that the late-developing phenotype observed in SPC-TSLP/ rag2 Ϫ/Ϫ mice is indicative of the effect of TSLP on lung-resident innate cells.
The absence of disease development seen in rag2 Ϫ/Ϫ mice is largely due to the absence of CD4 T not B cells
There is considerable evidence for important roles for CD4 T cells and B cells (largely through the production of IgE) in the recurrent episodes that characterize human asthma (1). However, the contribution of these two cell populations to the initiation of airway inflammation is not as well characterized and more over has not been evaluated in the context of TSLP-driven disease. To determine the contribution of CD4 T and B cells in TSLP-induced airway inflammation, we subjected animals genetically deficient in B cells (JHD Ϫ/Ϫ ) or acutely depleted of CD4 T cells to i.n. TSLP administration.
Two experimental protocols were used to assess the role of CD4 T cells in TSLP-mediated airway inflammation. First, mice were treated with either the CD4-depleting Ab GK1.5 or isotype control Ab once per week for 3 wk. Beginning at the second administration, mice were given i.n. TSLP plus OVA every other day for 2 wk. This protocol led to a nearly complete loss of CD4 ϩ T cells in the GK1.5-treated animals (data not shown). Acute depletion of CD4 T cells led to a dramatic reduction in the development of disease including BAL infiltrates, airway eosinophilia, AHR, and mucus production (Fig. 5) .
The second approach involved adoptive transfer of CD4 T cells into Rag2-deficient mice, followed by TSLP plus OVA treatment. As shown in Fig. 5F , reconstituting Rag-2-deficient mice with CD4 T cells completely rescued the airway inflammatory phenotype in response to i.n. TSLP plus OVA. Taken together, these data demonstrate a critical role of CD4 ϩ T cells in the inflammation seen in these mice following TSLP plus OVA treatment.
In contrast, TSLP plus OVA treated JHD Ϫ/Ϫ mice, genetically deficient in B cells, developed significant disease symptoms, although the level of BAL cellularity was decreased relative to WT mice treated with TSLP plus OVA (Fig. 6A) . Importantly, the characteristic parameters of disease were unchanged relative to WT mice, including airway eosinophilia, AHR, and goblet cell metaplasia (Fig. 6 , B and C and data not shown), indicating that B cells were not required for the development of airway inflammation in 4 The online version of this article contains supplemental material. response to TSLP. However, the decrease in overall cellularity was greater than what would be expected from simply a loss of B cells. Suggesting that, while not required, B cells do contribute to the overall inflammatory phenotype in an amplifying capacity.
Discussion
It has been clearly shown that the cytokine TSLP is critical for the development of asthma-like disease in mice, as well as playing a role in humans (7, 13) . However, the sequence of events and the factors involved in that response have not fully been elucidated. Previous studies have led to a proposed model in which TSLP, expressed by cells of epithelial origin, acts on dendritic cells to facilitate their activation and the subsequent priming of T cells to a Th2 phenotype in the lymph node (15) . Integral to this model is the Ag-specific nature of the interaction between the DCs and T cells, however the role of Ag-specificity in the pathogenesis of TSLP induced asthma has not been previously addressed. Several lines of evidence have in fact suggested that T cells, and consequently Ag responsiveness, may not be involved in TSLP-induced inflammatory diseases. In particular, Th2-associated disease develops spontaneously in lung-specific (SPC-TSLP) and skin-specific (K5-TSLP) TSLP transgenic mouse models (asthma and atopic dermatitis respectively) without an overt antigenic component (7, 16) . Furthermore, T cell-deficient K5-TSLP mice developed disease with the same kinetics and pathology as T cell-sufficient K5-TSLP mice, suggesting that innate not adaptive immune responses were critical for disease in this model (16) . These data taken together suggested that TSLP might function in a fashion similar to the effector cytokine IL-13, which has been shown to directly induce pathogenic changes in the lung irrespective of Ag involvement (17) (18) (19) However, the data presented in this study demonstrates for the first time that the pathogenic phenotype that develops in the lung in response to TSLP is governed almost exclusively by a TSLP-facilitated adaptive response directed against foreign Ag.
One unanswered question in human asthma concerns the fact that only ϳ50% of individuals who display atopy (Ag sensitization) go on to develop an allergic or asthmatic phenotype (6) . Importantly, our finding that acute treatment with TSLP is insufficient to generate a complete and robust asthma-like phenotype in the absence of antigenic stimulus (Figs. 1 and 2) suggests that TSLP may function to establish the proper immunologic context to enable sensitization to otherwise innocuous Ags. Support for this hypothesis comes from the spontaneous disease observed in SPC-TSLP mice, which likely represents a TSLP-dependent response against otherwise harmless environmental allergens, such as what could be found in food and bedding. This type of response is highly reminiscent of the various presumptive etiologies of human asthma. Additionally, recent studies have identified allergy-associated SNPs present in either the TSLP-gene itself (20) , or in the gene encoding the IL-7R ␣-chain (21), which pairs with the TSLPR to form the functional TSLP receptor complex. Collectively, these data suggest an important role for TSLP as a factor predisposing individuals toward the generation of inappropriate responses against environmental Ags. Further, highlighting the impact of relatively minor changes in TSLP expression is the fact that SPC-TSLP mice display only a 1.5-2-fold increase in TSLP expression in the lung, as compared with nontransgenic control animals (7) . Despite this relatively small change in expression, 100% of these mice develop severe airway disease that is rarely, if ever, seen spontaneously in WT mice. These data indicate that minor increases in TSLP expression have the potential to result in dramatic consequences for the host, and illustrate the importance of tight regulation of TSLP expression.
Although the majority of the asthma-like phenotypic changes induced by TSLP are dependent on the presence of Ag, we also found in two separate settings that TSLP is able to directly induce minor pathogenic changes in the lung. This is evidenced both by the presence of mucin-producing goblet cells seen in animals treated with only intranasal TSLP (Fig. 3) , as well as the diminished, but present, inflammatory phenotype displayed by Rag2-deficient SPC-TSLP animals (Fig. 4) . Interestingly, in the SPC-TSLP/rag2 Ϫ/Ϫ mice, even in the absence of an adaptive response, the Th2-character of the disease that develops remains intact. These data suggest that the classic Th2 features, such as eosinophilia and mucous production, are not necessarily a byproduct of a skewed adaptive response but rather, may be an intrinsic characteristic of TSLP-exposed adaptive and innate immune cells. Recent studies have established that mast cells (22) and NKT cells (23) represent potential lung-resident populations capable of producing of various cytokines, including IL-5 and IL-13, in direct response to TSLP. Furthermore, IL-13 has been shown to be an important mediator of goblet cell metaplasia and mucous production (19) . These data suggest that prolonged exposure to TSLP alone is capable of activating a mild innate response, possibly through induction of IL-13 production from lung-resident cells, but that adaptive responses are required for complete inflammatory disease development. The extent of the contribution of this TSLP driven innate response to the overall asthma phenotype remains to be fully examined.
Seshasayee et al. (24), using a similar system to what is described in this study, have recently shown that blockade of OX40L abrogated the development of airway inflammation mediated by TSLP. This report suggested that TSLP treatment alone was sufficient to drive a minimal inflammatory response; however, we do not see a similar response in mice in our facility (Fig. 2 and data not shown). One explanation for the discrepancy is that the response seen in Seshasayee et al. represents the early stage of an adaptive response to an environmental Ag present in their animal colony, and that our colony either lacks this Ag, or has Ags with different immunogenicities. This possibility is consistent with the nearly 100-fold difference in magnitude (as assessed by total BAL infiltration) between TSLP plus OVA treated mice in our system vs TSLP-treated animals in Seshayee et al. Additional support for this interpretation is the complete lack of inflammatory cell infiltration in RAG Ϫ/Ϫ animals treated acutely with TSLP (Fig.  4. ) Taken together these data lend further support to our hypothesis that TSLP is capable of driving the development of immunopathologic responses against environmental Ags that would otherwise be unnoticed by the immune system.
In this study, we additionally evaluated the contribution of various components of the adaptive response downstream of TSLP in generating the overall asthma phenotype. By acutely depleting CD4 T cells before intranasal treatment with TSLP and OVA, we found CD4 T cells to be essential to TSLP-induced asthma (Fig.  5) . This is in contrast to the previously published finding that there is not a requirement for T cells downstream of TSLP activity in the development of atopic dermatitis (using the K5-TSLP mouse line) (16) . Importantly, these data suggest that the cellular mediators of TSLP-induced responses can vary considerably, dependent on the tissue involved. However, as both atopic dermatitis and asthma share a very similar Th2 phenotype, this lends further credence to hypothesis that the Th2 character of TSLP-driven responses is intrinsic to the biology of TSLP itself rather than being a product of the exact cells that act as downstream players in the response.
Additional support for this model comes from work using helminth-driven Th2-type lung inflammation, a system sharing a very similar disease phenotype to what is observed in asthma. In these studies, CD4 T cells, as well as the classic Th2 cytokines IL-4 and IL-13, are required for the generation of a Th2 response to clear the helminth Nippostrongilus brasiliensis in the lung. However, the source of the cytokines appears to be an as yet undetermined myeloid cell population rather than the CD4 T cells (25) . Although the source of IL-4 and IL-13 in both Nippostrongilus infection and the TSLP-mediated disease remains to be determined, it is clear that there is significant interplay between the innate and adaptive immune systems in generating a Th2-type inflammatory response in the lung.
Taken together, the above data demonstrate a critical role for an Ag-driven adaptive response in the development of TSLP-induced airway inflammation. However, in the absence of an adaptive immune response prolonged exposure to TSLP has mild effects on cells of the innate immune system, suggesting that TSLP is capable of coordinating innate and adaptive responses in the lung. In the normal setting, TSLP has been shown to be involved in conditioning tissue-resident DCs for Th2 homeostasis (26, 27) . These data, with in vitro data demonstrating that TSLP-activated DCs can drive the differentiation of inflammatory Th2 cells (12, 28) , suggest the following two-stage model for TSLP-mediated airway inflammation. TSLP, produced by airway epithelial cells (12) , acts on DCs to drive the differentiation of allergen-specific Th2 cells and also activates lung resident innate immune cells to begin airway remodeling, possibly through production of IL-13. The allergen-specific Th2 cells are largely responsible for organizing the subsequent pathogenic changes in the lung. The implications of this have wide-reaching importance both for the basic understanding of the biology of TSLP, as well as for potential roles for this cytokine in facilitating/predisposing the development of immunopathologic responses against nonpathogenic environmental Ags leading to asthma development.
